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FEASIBILITY STUDY FOR DEVELOPMENT OF A HYPERVELOCITY GUN 

by D o  E. Brastand D. R. Sawle 

M B Assoc io tes 

SUMMARY 

a t 7 2 3  
By means of a rail-type MHD accelerator, a 2.4  mg nylon ball was 
accelerated to 6.0 km/sec and an 8 mg nylon ball to 3.7 km/sec. 
Measurements of time vs. projectile position i n  the accelerator were 
made by means of magnetic flux loops. This data was explained by 
assuming mass input from the rails due to sputtering, Under this as- 
sumption,the data led to a value of 4.6 copper atoms sputtered per 
electron. A 142 microfarad, 28 kilojoule condenser bank was the 
electrical source in  the experiments. A high explosive MHD gener- 
ator was developed for possible future use with the accelerator. 
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,I INTRODUCTION 

The subject of this report i s  a projectile accelerator system whose novel component 
consists of two copper rails, across which an arc i s  struck so that the resulting mag- 
netic f ie ld  accelerates the arc and the projectile in front of i t  down the rails. (See 
Figure 1) 

The pecuiiar attractiveness of this device i s  i t s  advantage over the light gas gun, 
namely that, whereas there i s  no inherent practical limitation on the speed of an arc 
plasma, the speed of a practical strong shock i n  a gas i s  less than, say, five times 
the speed of sound. 
of about 10 km/sec. 
100 km/sec. 
jectile, one should be able to accelerate the projectile to 100 km/sec. 

Light gas guns have been able to accelerate projectiles to speeds 
On the other hand, arc plasmas have been driven to speeds of 

If the magnetic force on an arc can be transferred successfully to a pro- 

During this contract we have successfully built and tested the large ultra-low induc- 
tance energy source for such a system (a condenser bank and high-explosive genera- 
tor), a diagnostic system for measuring the velocity of the projectile; and, using only 
the condenser bank as the energy source, have accelerated--by means of a rai l  gun- 
a 2.4 mg nylon ball to a velocity of 6.0 km/sec and an 8 mg nylon ball to 3.7 km/sec. 
This velocity was achieved with only an overall understanding of the mechanism of 
projectile acceleration based on the known behavior of arcs in rail-type plasma ac- 
celera tors. 

Following i s ,  first, a discussion of the technical aspects of the problem consisting of 
a detailed description of the system; a brief history of the program; theoretical dis- 
cussions; and summaries of results. Then, based upon the considerations of this tech- 
nical discussion, our recommendations for future work are given. 

A DESCRl PTl  ON 

Figure 2 shows a complete rail gun system consisting of an energy source, the 
rai l  gun, and devices for measuring the final velocity of the projectile. The 
energy source and velocity measuring devices, which are practically solved 
problems, are treated i n  detail in Appendices C and D. I t  remains to discuss 
the construction and operation of the rail gun. 

Rail guns have the following common operation and structure: 

1) A high voltage i s  applied across the ends of a pair of conducting 

2) An arc i s  struck between the rails either through a conductor which 
rai I s .  

i s  vaporized by the in i t ia l  current, or at a constriction which pro- 
vides a place where the init ial  spark i s  sure to iump. 
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3) !nssulati?g material holds the rails and the arc-initiating conductor 
together; forms, together with +he rails, a barrel for the projectile; 
and pvrvents the arc from occuring except i n  that barrel 

Figure 1 i s  a schematic representation of  suc.h a ra i l  gun i n  operation, 
contains construction drawings of our most swccessfui gun. 

Figure 3 

B HISTORY 

In the early stages of the program we believed the problem could be solved by 
desigiiing, building, crnc! testing, QS Q w!m!p, n complete system; and then, i f  
necessary, improving it. However! the experimental results indicated that the 
problem could be solved o n l y  piecemeal. 

Early i n  the present program the first test of a complete system was performed. 
Pin measurements (see Appendix D-1) showed that something was moving between 
the rails at about 10 km/sec. That something could have been the 100 mg tung- 
sten carbide projectile or i t  could have been the arc, The target showed many 
small craters which could have been caused by pieces of the projectile, the pins, 
or the sabot. Besides the question of what caused the craters, and how fast i t  was 
going, there was also doubt about the magnetic f ield compression. 

I n  early experiments on the generator only, we found that there was l i t t le  f ield 
compression. This could have been due to poor piston motion (see Appendix D-1) 
or to flux leakage, To discover which, the problem was simplified by observing 
only the piston motion. These experiments did show poor piston convergence. 
The design was changed, field compression tests were made with the improved 
design, and the results were good. 

Rail gun experiments were then begun. Continuation of these experiments has 
been the entire effort of the rest of the program. The results of  this effort have 
been threefold: 

1) The development o f  reliable diagnostic techniques including transit 
time measurements with flux loops and light boxes, and accurate 
crater depth -ve loci ty correlation. 

2) Design improvements including a strong easily fabricated gun with 
a smooth cylindrical bore (see Figure 3), a nylon--and, therefore, 
nonconducting--ball which w i l l  not vaporize or break up under the 
action of the arc, and an easy and reliable method for loading the 
ball and initiating the arc. 
sec for a 2.4 mg ball.) 

(This has resulted i n  a velocity of 6 km/ 

3) The uncovering of the basic questions concerning the mechanism of 
acceleration, the generation of  data pertaining to these questions, 
and the evolution of a theoretical explanation of this data, 

4 
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RA!L GUN 

A THEORY OF THE RASL GUN 

A good deal of tkeore+ical and experimental work has been done on the problem 
of the magnetohydrodynamicaIly driven shock i n  a rail gun. Philip J. Hart (Phys. 
of Fluids 5,  38 (1962)) has solved by machine the differential equations of moticn 
of a plasma disc i n  a coaxial gun under the assumption of the "snowplow model I '  
and also for constant mass. His experimental results agree well with his calcu!- 
ations. 

The situation of a projectile i n  a small bore differs i n  two important aspects from 
that above: 

1) The force i s  dependent on the current distribution because of 
certain asymmetry, 

2) Mass input from the electrodes becomes considerable because 
of the close electrode spacing. 

The general statement of  the problem is: Given 

1) the nature of the current source, 
2) the shape and composition of the rails, 
3) the shape and composition of  the init ial  short circuit, 
4) the composition of the insulator, 
5) the init ial distance from the short to the projectile, and 
6) the mass of the projectile, 

find the position of the projectile as a function of time. As a first step i n  the 
solution, we specify the following forces and masses: 

1) ixB forces on the arc, 
2) frictional forces between the barrel and arc plasma, 
3) the mass of the ball, and 
4) the mass of the arc, 

Our theoretical work so far has been to use these quantities to find the motion 
of the center of mass of the psojecti le and arc taken as a whole without consid- 
ering the internal dynamics of the composite system. This approach has provided 
a good explanation of the experimental results. The following are the details of 
this work. 

1 .  

2 
The usual expression for the ixB force on an arc in a rai l  gun i s  1/2L'f , 
where 1 i s  the instantaneous current and L' i s  some inductance per unit 

The IxB Force on the Arc 
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length, 
distribution, i t  i, not obvious offhand what the correct value of L' should be.. 
In the case of rails with spacing large compared to cross section, the inductance 
per unit length i s  nearly independent of the  current distribution, and, by con- 
sidering conservation of energy and Faraday's Law, or by means of the Maxwell 
stress tensor, i t  can be shown that L' i s  ibst that inductance- If the rai l  spacina 
is small, L' wi l l  depend on the current distribution, clnd, therefcre, i n  general 
upon time., Even in this case, however, we can get a useful estimate of L'  by 
means of the stress tensor in the fallowing way, 

Since the inductance of a circuit depends in  general upon the current 

The jxB force on an arbitrary volume, 1/ I i s  given by 

where 5 i s  the surface enclosing 
tensor. For 5 d. (see Figure 4) we take the truncated spherical surface, 
centered about the arc,and the disc,< perpendicular to the axis of symmetry. 
The integral over. 5 i s  the jxB force on the portion of the rails enclosed by 

r/ dL i s  outward, and 1 i s  the unit 

s and upon the arc. 
,- 

We now let 
fore, the integral on J i s  proportional to ,!'V2 and goes to zero. As 6 
moves back, B becomes more and more nearly parallel to f 
to zero. This implies that the total force on the rails and arc i s  given by 

go to i finity, On 3 I B i s  proportional to I/'''= . There- 

i .e. I R - k g o e s  

where i s  now the ent'ire plane, 

Of course, i n  reality we cannot let Y move back indefinitely, because the 
rails have a finite length. But, for P back more than a few gap widths 
(g  i n  Figure 4) from the arc, the magnetic field due to the arc i s  negligible 
compared to the field due to current in the rails. The latter f ield i s  approx- 
imately co-planar with , more so as j@ moves back from the arc. There- 
fore, f o r y  at that distance, &%*&er/~/t&~ and Equation (2) i s  a very 
good approximation. 

The z component i n  the forward direction of the force on the rails i s  

where bpi'" i s  the cross section of the rails, 
and &S i s  now outward from the rails. 

i s  the surface of the rails, 
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The forward corngoneqt of the force on the arc, F 
F 

i s  just F 
arc’ total 

minus 

railsf Or 

The first integral i s  the external magnetic energy per unit length far behind 
the arc. 

In  the case of an azimuthally symmetrical discharge i n  a coaxial-cylinder 
rai l  gun, B i s  azimuthal, and Bods  i s  exactly zero over @and over the 
entire e ! e c t r d e  rurfnce. This implies thnt the second integra! i n  Eqcatbn 

&A 
&- P A  f-w) 

(4) i s  zero, The first integral i s  

+fl 
that is, L ’  i s  just the geometrical external inductance per unit length. 
cause of the azimuthal symmetry, L ’  i s  independent of the radial distribution 
of the current i n  the electrodes. 

Be- 

Even i n  case the discharge i s  not azimuthally symmetrical or i n  the case of 
parallel rails, the first integral i s  sti l l  very nearly L ’  5’. This 
becomes evident i f  we take F several gap widths behind i%e init ial  position 
of the arc. 
i n  the z - direction for a l l  time. 

e ter.nql 

In  that region the problem has approximate translational symmetry 

However, the second integral may no longer be negligible. 
lines of induction which cut the rails because of their finite conductivity have 
components both normal to the surface of the rails and along the z - direction. 
In order to estimate this integral we take a skin depth, 6 , corresponding to 
the time for the arc to travel one gap width. Letting V be the velocity of 
the arc, 0 the conductivity of the rails, and v t  their thickness, we have 

blear the arc, 

9 = v ; t  

9 



The re fore 

where d stands for “something of the order of, ” Putting i n  the typicai 
va I ues 

9 = 1.5 mm 

k+’ = 3 mm 

o- = 5.8 x lo7 mho/m for copper 

we have 

This crude result indicates that to a fair approximation the force on the arc 
i s  given by 

2 Rail Sputtering Limitation on the Projectile Velocity 

Some of the experimental data indicates that the mass input to the arc from 
the rails may be limiting the projectile velocity. This sputtering effect can 
be taken into account in the equation for the projectile or the arc velocity. 

-c 

The equation for the projectile (or the arc) velocity i s  as follows: 

where 
/2r = the velocity of the arc-projectile system 

f l  = the mass of the projectile 

h = the rate of change of  mass of  the arc 

T = the current 

/ L = externs! Inductance per unit iength of the rails, which 
can be measured experimentally. 

10 



.-. I .  The skip Friction between the plasma and the wall i s  giveq by 

C# Y$z(TY& 
where L! i s  the !ength o f  the a:c, ' 4  i t  i s  assumed that the arc very rapidly 
achieves an equilibrium velocity (as has been shown experimentally), and i f  
the skin frictiov term was the limiting factor, i t  would be necessary fer the 
following inequality to hold: 

Although i t  i s  di f f icult  to accurately estimate the effective Reynolds number 
and the skin friction coefficient, preliminary calculations indicate that for 
the case under consideration, the skin friction term i s  negligible, 

For I= fp k d f ,  which was the experimental case, and neglecting 
the skin friction, the velocity becomes 

If  i t  i s  assumed that m i s  proportional to the current, or n? = m ' I  

This equation and its integral (position vs. time) i s  shown i n  Figure 5 for the 
case of d== 0 I Figure 6 shows the integral of the velocity equation plot- 
ted for the assumed value of 4.6 atoms sputtered per electron and for the 
actual experimental values of 1' = 0.35/,,meter, f = 150,000 amperes, 

culated assuming the equation for the arc position vs, time (plotted in Fig- 
ure 6) must follow the estimated center of mass of the arc found experimen- 
tally. (At much lower current densities there is  data which indicates that 
for some cases there can be as much as one atom lost from the electrode per 
each eight electrons striking the electrode. (Cobine, dames C. Gaseous 
Conductors, New York, Dover, 1958. p. 301) ) 

and f l  = 2,4 mg. The value of 4.6 atoms sputtere dp per electron was cal- 

It can be seen that the theoretical position vs. time curve i s  very close to 
the experimental data. The curve omitting the rail sputtering effect has 
been made to fit through at 30 - - /  k s p ~ ~  This required L '  to be 0 , 1 3 p  hlrneter, 
approximately one third of the measured value. 
that its shape i s  not quite right. 

Furthermore, i t  can be seen 

1 1  
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Velocity and Distance Venus Time 
for the Sputtering Limited Free Arc 
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DISTANCE VS. TIME FOR THE PROJECTILE AND 

FREE ARC - THEORETICAL AND EXPERIMENTAL 
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F' B EXPERIMENTAL RESULTS 

Table I is a systematic description of experiments i n  which a projectile was accel- 
erated. (One of the incidental products of these experiments i s  a number of pene- 
tration vs. velocity data, See Appendix 0-5.) Figures 7, 8, 9, and 10 represent 
the resu!ts of many flux loop measurements of arc position vs. time. 
D-6 for the method of measurement.) This section i s  a discussion of these experi- 
ments as well as others not suitable for presentation as tables or graphs. 

(See Appendix 

In the course of these experiments, we determined the effect of several operating 
coditlons cnd cmstruction features upon the velocity of the projectile. These were: 

the relative f i t  between the projectile and the barrel, 
the height and rise time of the current pulse, 
the inductance per unit length of the gun, 
the rate of mass input to the arc, 
the mass of the projectile, 
the mechanical construction of the gun, 
the position of the init ial  short with respect to the projectile, 
the ambient pressure, 
an after-section (see Appendix E). 

The following i s  a summary of these experiments: 

1) Projectile-Barrel Fit 

A series of experiments was made with a 0.093" nylon ball i n  barrels of 0.120', 
0.116", 0,096" and 0.093" diameter, The projectile velocity increased as 
the f i t  improved. The best explanation of this i s  that unless the f i t  i s  good, 
the arc slips past the ball and transfers momentum by means of drag (see Ap- 
pendix E). 

2) Current 

Data for the arc with no ball definitely show that the arc velocity goes up 
with current (see Figure 9). 
for currents above 165 kamp have been inconclusive in experiments with pro- 
jectiles. 

Because of mechanical failure of the gun, data 

3) Inductance per Unit Length 

Experiments with various rai l  cross sections showed that the velocity i s  a 
strongly ir;crec:Ing f u ~ c t i n n  of rai l  inductance per unit length in accordance 
with the theory of Section Il-A-1 e In  the direction of high-inductance 

14 
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ARC POSITION vs TIME 
(As Determined by Flux Loop Measurements) 

17 



h 
knife edges, however, the dif f iculty of fabricating the barrel proved to 
be a limitafiorz, The present shape (see Figure 3) i s  a compromise between 
high inductance on the orle hand and mechanical strength and close toler- 
ances on the other, 

4, Mass Pnput to the Arc 

Weight measurements of the rails before and after a shot showed weight 
losses of tiom 5 to 10 milligrams per half cycle of the electrical circuit 
for both copper and steel rails. 
account for the velocity limitation discussed i n  Section ll-A-2. Arc posi- 
tion vs- time measurements for rails of copper, chrome piated copper, sieei, 
ard tungsten, and insulators of epoxy, phenolic, and glass (see Figures 7 
and 8) showed that copper rails are somewhat better than steel and tungsten 
and that there i s  no decisive difference between the insulator materials. 

This i s  of the right order of magnitude to 

5"  Mass of the Projectile 

Experiments comparing steel spheres and nylon cylinders with nylon spheres 
of the same diameter showed that the velocity i s  a strongly decreasing func- 
tion of mass as i s  predicted by the theory of Section 11-A-2. This i s  quali- 
tatively obvious on the basis of Newton's Second Law, 

5, Mechanical Construction 

Since distortion i s  propagated with the speed of sound, which i s  roughly 1 or 
2 km/sec i n  the materials of the gun, one expects that the projectile w i l l  be 
outrunning damage everywhere except at the back of the gun where the pro- 
jectile i s  traveling slowly, With a sinusoidal current, the ixB forces, which 
are proportional to &'d, are smaII when the projectile i s  starting out, Be- 
cause of this, we have been able to avoid failures due to distortion of the 
barrel without elaborate precautions, However, mechanical failure of the 
electrical connections has occurred occasionally. This wi l  I probably become 
a more serious problem at higher currents, 

In  addition to parallel rails, we have also tried a coaxial design (see Figure 
1 1 )  for mechanical reasons. This gun has the advantages over the parallel 
rai l  gun we have been using in that i t  i s  inherently stronger than the equiva- 
lent parallel rai l  gun, The strength of the gun can be seen as follows: 

The arc flows along a radial spoke across the barrel from one electrode to 
the other, Rn the region of the arc, the current i s  heavily concentrated on 
the side of each electrode near the arc, But, some distance away from the 
arc--say a few electrode diameters--the current i s  nearly uniformly disiri- 
buted over each electrode. Therefore the magnetic field behind this region 

18 
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w i l l  be purely azimuthal and the force on each electrode w i l l  be a puw uniform 
pressure.. Th,s mear?s that, for onc thing, +hew wi l l  be no s t w s s  on the insulator 
excepc near the arc, 
must be cor?+a;.red by the insulative wrappicg, 

For parallel sails, the force tending to separate the rails 

The conditio0 of both type5 of guns after a shot confirms this reasoqing, 
trodes and insulator of the coaxial gun are hardly damaged at ail; the electrodes 
of a parallel rai l  gun are twisted, i t s  insulator i s  pushed away from the rails, and 
the portion of the insulator that formed the barrel has been completely blowrl out 
of the gun, However, the coaxial gun was abandoned because of dif f iculty in  
forming the barrel and because of its low inductance compared to the gun of Fig- 
ure 3 (about one half as much) with resulting lower velocities. 

The eiec- 

7. Position of +he Init ial  Short 

A series of experiments were performed with a 0.093" ball in  a 0.096" barrel and 
spacings of 0, 2, 5 ,  and 10 rnm between ball and shorting foi l .  The velocity 
showed a reproducible minimum a t  2 mm spacing, 

8, The Ambient Pressure 

Experiments with the free arc at various pressures showed an inverse dependence 
of the shock front velocity upon, roughly, the logarithm of the ambient pressure. 
(See Figure 10) One i s  tempted to explain this i n  terms of the familiar 'Isnowplow 
effect. 'I However, the snowplow limited velocity for these guns even at 1 atmos- 
phere i s  of the order of 1000 km/sec. A l ikely explanation i s  that the center of 
mass of the arc i s  moving under the limitation of mass input from the rails as de- 
scribed in Section I!-A-2, and that the front of the arc, which carries only a frac- 
tion of the current, i s  limited by the snowplow effect. In experiments with a pro- 
jectile, i n  which the front of the arc must be behind the projectile and, therefore, 
near the center of mass o f  the arc-projectile system, the arc velocity was indepen- 
dent of the ambient pressure. 

9 .  

Before i t  was discovered that the arc could be retained behind the projectile by 
means of a close f i t  between projectile and barrel, several experiments were per- 
formed with after-sections. (See Appendix E) It was found that a projectile could 
be accelerated by such a device, but that the velocity achieved was lower than 
that from direct acceleration in the same gun with a close fit. 

After- Se c t io n Guns 

20 
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I l l  MHD GENERATOR 

A GENERATOR THEORY 

The circuit equation for a closed, f6ux-containing loop with moving boundaries 
has been given by Fowler (Bulletin Am, Phys, Soc, 
form, the idealized circuit has been formulated by Anderson and Whitcomb 
(SCTM 150-58-51). The sum of t h e  loop voltages must be zero or 

1957). In  an elementary 

where 
gb = flux (Jf ldU) 
R = resistance 

1 = current 

Now, since @ = I the equation can be written e+ L@=D (1) @8- L 

- /gkt  
The solution of Equation (1) i s  4 Qb .@ 

or 

From Equation (2)! the current can be calculated for any loop motion once the 
inductance and resistance are known, The inductance of the loop can be deter- 
mined from its shape by the usual inductance formulae. The resistance value to 
be used in Equation (2) should be estimated for each time interval from the heat- 
ing equation. I f  a current density 8 i s  passed through a conductor, the ohmic 
losses raise the temperature of the conductor and cause corresponding increases 
in the resistance, In  equation form the heating i s  given by 

where 
7 = resistivity 

= current density i 
/ 4 = density 

C = specific heat 

7- = temperature 
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s= 33 
Using the approximation that T 

point) the  terms i n  Equation (3) can be rearranged to give 
5 (good for most metals up to the melting 

(4) 

which has the solution 

where K= 

Equation (4) and its solution have been used in  an iterative process to determine 
the temperature change in the loop. 

(,4 i s  nearly constant for Cu up to the melting point.) 
pT-0 

Once the sabot begins to move, a correction must be applied to the inductance 
profile which includes the inductance added by the sabot motion as shown in Fig- 
ure 12. For a uniform width sabot and loop, the inductance correction 

Figure 12 

Inductance Correction 

amounts to dz, -C x-.., compared with 4 2, . The correct value of the 

inductance Can be determined from the sabot displacement and substituted into 
Equations (1) or (2) to determine the current profile in  time. 

Deceleration of the pusher plate can be calculated by using the relation 

where .* 
2, = acceleration of the plate 

F = force 

In = mass 

A = area 
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Since the plate starts at  velocity, v, the new velocity after deceleration i s  easily 
calculated by an iterative process. 

In a l l  cases the calculations were stopped when the accelerations became greater 

the metal. Higher melting point metals might be used to reach higher tempera- 
tures by using a bimetallic strip arrangement, Steel would be an excellent metal 
for this type of arrangement. From a theoretical point of view, the bimetallic 
system greatly complicates the calculations, and has been omitted. 

Vacuum pipe has been incorporated into the design to prevent projectile burnup 
at high velocity. Some thought has been given to sabot separation and, while the 
problem i s  exceedingly difficult, a few calculations have been made which indi- 
cate a novel feature of the magnetic gun system. If the sabot continues to carry a 
current a t  the time of maximum velocity, then i t  can be decelerated by a magnetic 
f ield and hence separated from the projectile, 

than 10 8 g, or when the temperature of the system exceeded the melting point of 

The force per unit length produced by the interaction of the sabot current and a 
static f ield applied by Alnico (or similar permanent magnets) can be calculated 
from the expression ixB where i i s  current density and 6 i s  the permanent magnet 
field, Since 
as large as 10 g during passage of the sabot through the static field. 

F=Z&, the deceleration force on the sabot i s  estimated to be 

In  practice i t  may prove possible to eliminate most of the sabot by deceleration 
and a velocity selection system based on timed closure of the launch tube. 

Every attempt has been made to reach the desired velocities using a relatively 
simple system. The original calculations have been refined and carefully redone 
to include a l l  known effects such as heating, motion, etc. 
uncovered i s  the heating of  the sabot system to melting temperatures for most of 
the calculations which reached high velocity. Addition of more high explosive 
can partially reduce this effect since the sabot system can then be increased to 
accomodate the required heating. Bimetallic sabot systems have not been com- 
pletely evaluated but appear to be capable of reducing the effect s t i l l  further. 

The most serious effect 

23 



B SABOT HEATING 

The rate of heat transfer from the sabot to the projectile i s  given by the equation 
of thermal conduction 

9 = k P V T  
k = thermal conductivity 

A = contact area 

VT- = temperature gradient 

Since the currents fal l  off exponentially i n  the sabot material (the skin depth i s  
about 0.08 cms for the current at 300° C), the sabot temperature varies by a large 
factor from one surface to the other. The maximum grodient possible i s  about 

12000c or 12,000°/cm. Under this gradient of temperature, and at a thermal 
0.1 cm 

conductivity A; = 0,91/cal crn/sec 

melting point of copper. This rate of heat flow w i l l  raise the projectile tempera- 
ture about loC//Vsec. For this reason, the projectile does not heat rapidly by 
contact with the sabot. Since the time i s  very short, the total heat transferred 
to the projectile i s  almost negligible. Again the bimetallic strip could a l l  but 
eliminate even the small amount of heat transferred since materials with smaller 
K could be utilized. 

C, the maximum rate of heat transfer across 
the sabot i s  about 6.5 x 10 L P  cal/sec or I e s s T G Z 7 x  10-2 joules// sec at the 

C DESIGN CALCULATIONS 

Various combinations of parameters have been tried in an iterative calculation 
procedure. The general effect of changing parameters i s  discussed below. 

1 .  Increasing So, the init ial  loop width permits more complete energy 
transfer and reduces the peak acceleration, but increases the temperature. 

2. Increasing the current density i n  the sabot, J**, increases the magnetic 
f ield strength, thus increasing efficiency and velocity, but causes the tem- 
perature to increase sharply. 

3. Increasing the init ial  piston velocity, Vo, helps hold down the temper- 
ature and increases ultimate velocity, but more high explosive i s  required 
and overaii system efficiency i s  reduced (due to greater dif f iculty of  effec- 
t ively tamping the explosive). 
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4. Reducing the init ial temperature, To, not only reduces the ultimate 
temperature, but drastically reduces the rate of temperature rise. I t  also 
improves overall system efficiency by reducing the L/R current decay, 

1 e Rectangular Loop 

The following parameters are for a system which accelerates a 0.1 pro- 
jectile to 90,000 feet per second, using 600 grams of high explosive. 

1) So = 12 cm; length = 20 cm; tliltkness = ’I .9 cm. 
Inductance i s  0.425 h. Y 

2) J** = 1.5 J* (J* = true current density i n  the loop) 

3) To = 7 7 K  

4) Sabot mass m = 1 14 gm; sabot dimensions 1.27 x 0.635 cm x 
0.159 cm. The ressure re uired to shear the sabot from the main 

i s  0.1 gm. 

loop i s  4.1 x 10 B dynes/cm 9 . Projectile mass for al l  calculations 

5) Vo = 3.75 m/sec 

05 5 6) Io = 3.90 x 10 amperes, and Ho = 2.5 x 10 gauss at  the sabot. 

The results of this calculation are represented by Figures 13, 14, and 15. 

Figure 13 shows that the magnetic field strength behind the sabot reaches 
1 megagauss. This i s  a pressure of 4.14 x 1010 dynes/cm2 (6 x 105 psi). 
Without sabot motion the rate of rise would be much greater and about 
4 megagauss would be attained. The rate of acceleration increase i s  
shown in Figure 14. The peak acceleration i s  27.5 megagauss. The 
reduction of the rate of rise that occurs around 15,000 ft/sec velocity 
i s  due to the effect of sabot motion on the overall inductance of the MHD 
circuit. 

The temperature rise i n  the backside of the sabot i s  shown in Figure 15. 
This curve i s  actually the average temperature i n  the skin depth layer i n  
which 63% of the current i s  flowing.(l) 
median of the temperature profile occurs at about 0.03 cm (since the tem- 
perature on the graph at 90,000 ft/sec i s  75% of the melting point of cop- 
per. Therefore, at this velocity tire sabot w i l l  be liquid to a depth af 
0.015 to 0.020 cm, which i s  about 10% of i t s  thickness. 

‘(’I The skin depth,& 

Since 8 =0.08 cm, the 

I i s  the distance of current penetration into a con- 
IP 

ductor at which the current density i s  Vl? times that at  the surface. 
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. .  

MAGNETIC FIELD AT SABOT (HS) 
vs e 

REMAINING PISTON TRAVEL (S) 
FOR 

PISTON VELOCITY - 3.75 (INITiAij 
LOOP DIMENSIONS - 12 cm x 20 cm 
600 GRAMS H.E. 

FIGURE 13 
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2. Converging Loop 

For a loop radius of curvature of 12 ceqtimeters. a piston thickness of two 
millimeters and an H. E. thickness of 4.5 to 5.6 centimeters (360 - 470 
grams), the desired piston velocity (3 millimeters per microsecond) can be 
obtained.. Phis design improves the coupling due to convergence, reduces 
plate losses due to decreased path length, and provides higher piston veloc- 
i ty at crit ical times due to thickening of the piston i n  convergence. A loop 
inductance can be made to f i t  the parameters between the values of 0,12 
to 0.18 microhenry. The frequency and skin depth can be calculated; ideal 
skin depth a i  late time i s  about 1.5 miIIinieters. 1:: this gecmetry, R t s a b t i  
i s  greater than B(pus.,Fr ., resulting i n  higher percentage of coupling and 
greater velocity multip 1 ication potential and helping to overcome losses. 
The ratio of Bs to Bp can be made as large as 8 , l .  The converging loop i s  
shown schematically in Figure 16, 

The current needed to produce the driving field i s  400,000 to 500,000 amps 
i f  the loop i s  driven directly. 
zero !oop current resulting i n  lowered heating of the system. Also, the 
higher inductance of the external coils increases the magnetic f ield rise 
time, thus reducing the chance for error i n  timing the firing of the explo- 
sive. Another advantage of this sytem i s  that shrapnel from the piston 
should be diverted from the path of travel of the sabot and projectile. 

There i s  a poss ib i l i t y  that the higher temperature characteristic of the con- 
verging loop could be used to advantage, 
completely, which i s  l ikely to happen, then the problem of separating the 
sabot from the projectile w i l l  be solved, 
jectile temperature should not increase significantly due to the short time 
available for heat transfer to take place. 

External coils permit in i t ia l ly  high flux at 

If the sabot can be vaporized 

During this time period, the pro- 

D EXPERIMENTAL RESULTS 

Table 2 i s  a summary of the results of the generator tests. A more complete dis- 
cussion of each experiment i s  shown as Appendix A. These experiments were 
planned basically as tests of the complete system. Considerable dif f iculty i n  
explaining the results was encountered during the early tests due to insufficient 
diagnostics. It was believed that the relatively poor results were a fault of the 
generator (basically a current multiplier). Later, i t  ’ 

became apparent that the primary problem was in the launch tube. Experiment 
4.5-1 showed good convergence for the purpose of generation. Experiment 
4.6-1 gave a field compression of 10 with a peak field of 0.3 Mg. Although 
t h i s  was not as high as desired, i t  was sufficient for the pii:pose of ochievlw 1 
reasonable energy multiplication. At this point, generation experiments were 
terminated and the primary emphasis was placed on the design of a satisfactory 
launch tube. 
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The part i a1 l y verified theor e t i  ca I 
a given projectile, higher veloci 

considerations of Section If-A indicate that, for 
ies can be obtained by: 

1 ) decreasing rai sputtering 
2 )  increasing the external inductance per unit length of the rails 
3) increasing the current 

Experiments with severai kinds of rail materials have been unsuccessful i n  accom- 
plishing the first, 
t ion wouId yield only marginal improvement, 

(See Section I l -B) One expects that greater effort i n  this direc- 

Also, several attempts have been made to increase the inductance of the rails by 
making the electrode portion tend towards a knife edge or a thin wire, With these 
small cross sections, i t  has proved diff icult to make a-good barrel, Furthermore, 
mechanical strength and current capacity impose a lower l imit on the cross section 
of the rails for a given barrel diameter. As an estimate of the inductance at such 
a limit, consider the following design: 

-S- -. 

-d- 

where s==2d. The external inductance per unit length of such a rai l  pair i s  

which in this case i s  0.43 ,&h/m. 
design of Figure 3. The 23% increase i n  velocity to 7,4 km/sec due to the increase 
in  inductance (v ( d f s Q ) ~  L’ ) would be far short of the final goal of 30 km/sec, 

This compares with about 0,35/ h/m for the 

On the other hand, increasing the current should give improvement up to the point 
of mechanical failure, Since, at present, we have 28 kjoules of electrical energy 
poorly coupled to the rai l  gun, the natural way to gain this increase i n  current i s  
to use a setpdown pulse transformer between the condenser bank and the gun. A 
pulse transformer of the proper inductance and mechanical strength can be built 
fairly easily with a coupling efficiency of 80%, 

A reasonabie method of operation using such a transformer would be to make the 
coupling ratio the geometric mean between the gun inductance and the source in- 
ductance. Almost a l l  of the bank energy would then be dumped in one pulse, The 
projectile would be accelerated during the first half of the pulse i n  order to achieve 
the maximum velocity. About half the bank energy would go into resistive heating. 
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Of the remaining half, about a quarter would go into the projectile, and three 
quarters into acceleration of ~ I U S ~ Q  and neutral gas. 
4,000 joules into the projectile, enough to accelerate an 8 mg mass to 30 km/sec. 

This moiints to, say, 

In accordance with these considerations, we recommend the following: 

1 
increasing the mechanical strength of the gun as necessary. 

Increase the current by means of a pulse transformer, at the scime t i m e  

2. 
erator i n  case a compact source i s  desi redo 

Replace the condenser bunk source with the high explosive MHD gen- 
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APPENDIX A 

GENERATOR TESTS 

This appendix gives a discussion of each of the experiments conducted with the explosive 
generator system. Instrumentation was basically the same in a l l  the tests and i s  discussed 
in detail in Appendix C. 

The experiments are numbered, for exampie, as 4.2-1 where the 4 stands Cor NASA byper- 
velocity project at MBA, the number to the right of the decimal point i s  the quarter during 
which the experiment was performed, and the hyphenated digit i s  the experiment number 
during the quarter. 
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a) Measure piston velocity and convergence. 

b) Measure compression of magnetic field. 

Device 

Converging type magnetohydrodynamic transducer loop without sabot, 
projectile, and launch tube 

Instrumentation 

a) Piston velocity - six pin switches placed as shown below. 

b) Magnetic f ield - one turn of  #34 wire in convergence corner of loop. 
Area perpendicular to B f ield 5 x 104m2. 

Input Conditions 

Approximately half the available condenser bank energy. 

a) Magnetic f ieid energy - i5.42 kiiojouies 
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Pisbon veiocity - The signal; from pins 1, 3, and S are valid whereas 
pips 2, 4, c d  6 drd not funcLion properly. 

Piston convergence - Post shot recovery of loop parts i n d i c o k s  pro- 
per convergence along the axis. 

Magnetic Field - The maximum field measured was 1.75 megagauss 
at 8 0 , 5 w , a t  which time the pickup coil was struck by the piston. 

Comments - The increase i n  velocity of the piston was expected 
and due to the velocity increment added to the front face during 
convergence e 

Because of the space occupied by the search coil, the peak magnetic 
f ield was probably much higher than the maximum measured. This 
would occur within an additional O .S+x~~wh ich  agrees with the cal- 
culations. The oscillatory signal after the magnetic f ield signal i s  
typical of the action when the search coi l  i s  struck, putting i t  i n  
direct contact wi th  the loop currents during final breakup of  the 
device 

2. Experiment 4.2-2 

Purpose 

a) Test complete gun system. 

b) Measure projectile velocity and acceleration. 

Device 

Converging type magnetohydrodynamic transducer loop with 0.050 inch 
thick sabot and 103.5 milligram tungsten carbide projectile. 

Instrumentation 

a) Transducer loop closure--two pin switches placed as shown below. 

b) Sabot and projectile velocity and acceleration--four pin switches 
and three magnetic f ield pickup loops placed as shown below. 
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c> Magnetyc fields--"wo seu-ch co:Js, one 0,200 inches diameter; 
t h o  coils- perpepdi- 

2 
the other 0, I00 inches i n  d inrwfero AT- sf 
cu iar  bo the B fleid ir  2.0115 x :~->rne'e,s- a-It-, .:.x x : ~ - 6 r n e t e r s  
respectively, T h e  large coi i  is for measuring the low leve! b f ie!$, 
and dB. 

-3' 

- 

1 \ \  

Input Conditions 

a) 

b) 

c) Target - 356-T6 aluminum 

Magnetic field energy - 27.5 kilojoules 

Barrel air pressure less than 1 micron Hg 

Resu I t s  

Electronic data acquisition on this experiment was poor du- to a ground 
loop in the condenser bank causing spurious signals in the oscf~loscopes. 
No magnetic field information was obtained however, the pin signals did 
come through very we1 I on the rasterscope 

a) Pin measurements on the launch tube show the sabot and projectile 
velocity increasing smoothly to a maximum of 31,500 ff/sec. The 
peak acceleration occurred at the maximum velocity, and was 130 
megag 

b) No single large particle inlpact was observed on the target, however, 
the target was struck by many small porticles, and possibly some 
vapor, i n  a weII-defined circular zone about half the target diameter 
The chemical analysis of the forget shows the presence of tungsten. 

37 



A pin signal was received which indicated that the sabot sheared 
early, possibly from the eGicrging magnetic fie!d frorr! the cogdew 
ser bank. 0, post-she) experiment, however, disproves tnis p o s s i -  
bil ity, and the signa! must be considered in error. 

Pin measurements i n  the loop itself indicate a lower piston velocity 
than in  experiment 4.2-1 
erroneous signals. However, the pin signals from the velocity mea- 
surement on the launch tube also are delayed in time. T h i s  i s  not 
inconsistent with a low piston velocity. 

Phis i s  i n  doubt, as pins often give 

Comments - Two design innovations were tried on this experiment. 
In one o f  them the explosive was built into a separate compartment 
which was slipped into place after the loop was mounted in  the tank, 
and a l l  pre-shot checkouts accomplished. This was to simplify hand- 
ling; however, i t  could have caused a loss of tamping effectiveness, 
resulting in a lower piston velocity. A second experiment which 
was tried was to make an HE shorting switch which would automati- 
cal ly crowbar the condenser bank out of the circuit after the field 
had been trapped. It i s  believed that this switch was not particu- 
larly effective, and i n  general. i t  i s  probably not necessary. Post- 
shot recovery fragments showed proper piston convergences. 

3. Experiment 4.2-3 
- 

Purpose 

a) Repeat experiment 4.2-2, using less britt le projectile. 

b) Uti l ize more pin-type instrumentation to try to improve data 
acquisition. 

Device 

Converging type magnetohydrodynamic transducer loop with 0.050 inch 
thick sabot and 59.3 mi I ligram Inconel-X projectile. 

Instrumentation 

a) Piston velocity - 6 pin switches placed as shown in the diagram 
be low. 

b) Sabot and projectile velocity accelerations - 6 pin switches placed 
as shown in  the diagram. 



c) Magcetic field - 2 search coi's potted il-+o the lead epoxy sides 
just  behind the sabot, bofh coils with an effective urea of 1-05 
x 1 ~ - 5 m e t e r s 2 ~  Since the czi i s  are outside of the plane ef +he 
transducer loop, they are calibrated to the field i n  the kansducer 
loop plane. The signal fsorn the B high level f ield must be multi- 
plied by 1.25 to obtain the true field, and the signal from the B 
low level coil must be mujtiplied by 1.67 to obtain the true ffeld. 

Input Conditions 

a) 

b) 

c) Target - 356-T6 aluminum 

Magnetic field energy - 27,5 kilojoules 

Barrel air pressure - approximately 1 mm Hg 

Resu Its 

h 

Before firing this experiment, ground loop interference signals from the 
condenser bank were carefully eliminated. During the shot, however, 
an insulator i n  a condenser bank control circuit broke down, causing an 
arc which connected the condenser bank ground circuit into the instrument 
ground; therefore practically a l l  of the data was lost. A clean, low level 
magnetic f ield signal was obtained, however. 

a) The B low level f ield trace indicated that the magnetic f ield rea- 
ched megagauss values. Loop closure was approximateiy 12- 
late, resulting in a lower trapped magnetic i ieid. Considerable 
arcing and poor contacts of the piston to the side of the loop appar- 
ently occurred during the first fifteen microseconds o f  piston run. 
However, the pistop recovered contact and compressed the magnetic 
field 
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No single large impact was observed on the tat-ge+, arld fewer small 
particles struck the target. than i n  experiment 4 - 2 - 2 ,  Chemical 
urlalysis of the target, however, doe; socw ~ ; I P  preserxe nickel, so 
that at least part of the projectile s t ruck  +he target. A chemicol 
analysis of the launching rails was aiso made, ard much nlckei was 
found plated on the inside of  these. it appears therefore that the 
projectile was partially vaporized during the acceleration - This 
may be due to contact w;th the arc running behind the sabot, or to 
pulverization o f  the projectile because of acceleration with the fine 
particles being deposited on the rails. 

Recovery fragments indicate proper convergence. 

Comments - The late closure of the loop had been previously sus- 
pected. Post-shot experiments indicated that the detonator func- 
tioning time i s  considerably longer than that stated by the rnanu- 
facturer. This time, which i s  approximately 1 O y , w i I I  be accoun- 
ted for in future experiments. The magnetic f ield trace does show 
that the piston velocity must have been corrected--that is, approxi- 
mately 3.8 m m / w  This corresponds to experiment 4.2-1. No 
separate explosive compartment was used on this shot as was in  ex- 
periment 4.2-2, and there was no explosive crowbarring switch 
across the charging coils from the condenser bank. 

On this shot an attempt was made to evacuate the launch tube rai l  
region besides the barrel. Difficulties with sealing the vacuum 
around the sabot and projectile resulted i n  the higher air pressure. 
If the projectile came out with high velocity, i t  could have been 
vaporized by air friction. This may partially account for the app- 
arent small amount of  projectile material which struck the target. 

4. Experiment 4.3-1 

Purpose 

a) Determine t ime of  sabot shearing. 

b) Determine uniformity of  piston convergence 

c) Check detonator, line wave generator and explosive function times. 

Description of Test Model 

The device was a 12 cm radius converging transducer loop without launch 
tube ., 
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a> Saboi - 0.129" x 0.139" x 0.053" thick, shear type, area of 
shear 0,C!882cm2. 

Projectlle - 0.094" diarneter chrome cri!oy steel sphere, we:ght 
54 mlj. 

Explosive - 450 gm Composition C. 

Input energy from external charging coils - 27,500 joules input. 

b) 

c) 

d) 

Instrumen tat ion 

a) Sabot shearing time - two pin switches placed as shown in  dia- 
gram below. 

Magnetic field strength and rate of  change - one turn pick-up 
loop in  convergence corner. 

Piston convergence - eight pin switches placed as shown in the 
diagram. 

Explosive train function times - two pin switches placed as shown. 

b) 

c) 

d) 
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The rneasurxnenfs which were obtained ipdicate that the sabot sheared 
very late in  time, at approxrmo'ely 90% of the piston TU'). T h T s  tqdicates 
that the dyTamic shear strength of  copper under the codi f ions  imposed, 
Ts much greater than had been expected, There i s  a possibility, ofcourse, 
that the pitton hit  h e  sabot, but i t  i s  believed that i t  was sheared by 
magnetic freld pressure. This lo+e shearing time resolves a *ime disc-e- 
pancy in tCe data on experime-,' d"2-2, 

The pin sig-talr indicate that the uniformity of piston convergence was 
excellenfe The signals from corresponding pins in ?he two strings of pin 
swi'ches occurred vir+ually sir?ul!aneously 

5 .  Experiment 4.3-2 - 

Purpose 

a) Test cectangular loop system, 

b) Try slug type sabot 

Description of Test Model 

The device used in  this experiment was a 12 crn x 20 crn rectangular trans- 
ducer loop, with a 17 cm lovg launch tube. This loop wos designed to 
impart a miich lower acceleration force to the projectile, Also, the sabot 
was made os a separate piece, press-fitted between the launch rails, so 
that no del.iy in acceleration run woulc occur 

a) S a b k  - 0.125" x 0.125" x 0.250" long copper slug. 

b) Projectile - 0.0' 
54 rn?, 

' I  diameter chrome alloy steel sphere, weight 
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c) Explosive - 300 gm Composition C-3. 

d) Input energy from condenser bank was applied to the !oop. The 
peak init ial  current in t he  loop was 350,000 amperes. 

I nstrumen tat ion 

a) Magnetic field strength and rate of change - m e  turn ~ l c k - u p  loop 
at junction of  launch tube and compression loop. 

b) Piston velocity - six pin switches placed as shown i n  the diagram 
below. 

c) Projectile and sabot velocity - six pin switches placed as shown. 

Resu I ts  

The sabot was heated very drastically, probably by the very large in i t ia l  
charging current. I t  proceeded a few centimeters down the launch tube 
before apparently vaporizing. By this time the projectile had acquired 
a velocity of several thousand feet per second, Without the sabot to con- 
tinue the acceleration down the launch tube, the projectile gained no 
further velocity and without guidance from the sabot, i t  began to bounce 
between the inside wal Is of the launch tube. Th is  i s  quite evident from 
recovery of parts after the shot. Because of  the slow velocity of the pro- 
jectile, the piston completed i t s  run and impacted on the end of  the launch 
tube connected to the loop. The shock from this running down the launch 
tube closed the rails on the projectile and i t  was trapped just before leav- 
Ins h e  e d  nf the tube. Marks and indentations on the inside of the louoch- 
Ing rails show this very clearly and prove that the projectile was infact 
when i t  was trapped near the end of the tube. 
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I t  was observed from the recovery f i . u g m e p L ~  ?Tom tho shot that the piston 
did not make as good c! contact as des:rec. \ c u c l +  +he :?ride of the trans- 
ducer Icop. 

6. Experiment 4.3-3 

Purpose 

a) To test modified rectangular loop system. 

b) Obtain particle impact on aluminum target, 

Description of Test Mode I 

The device used in  this experiment was a 12 cm x 20 cm rectangular 
transducer loop with each side converging at 100 for better piston con- 
tact, and external energy input coils to avoid sabot pre-heating. A 
shorter, 11 cm, launch tube was used. 

a) Sabot - 0.125" x 0.125" x 0.125" long copper slug. 

b) Projectile - 0.094" diameter chrome alloy steel sphere, weight 
54 mg. 

c) Explosive - 425 gm Composition C-3. 

d) Input energy from external charging coils, 27,500 joules. 

instrumentation 

a) Magnetic f ield strength and rate of  change - one turn pick-up 
loop at junction of launch tube and compression loop. 

b) Piston velocity - six pin switches placed as shown i n  the diagram. 

c) Sabot acceleration t i m e  - one turn pick-up loop at the end of launch 
tube. 

44 



Resu I t s  

Due to an error i n  timing, the crawbarring action of the loop occurred 
when the magnetic f ie ld was near a minimum instead of a maximum, thus 
there was essentially no magnetic f ie ld  corrpress;on. No significant mot- 
erial was observed on the forget. The piston velocity information was 
obscured by a l ight leak in the  recording camera, which fogged the f i lm.  

7. Experiment 4.3-4 

Purpose 

a)  Test simple rectangular loop system. 

b) Obtain particle impact on torget. 

Description of Test Model 

This simple device was a 10 cm x 10 crn rectangular loop with converging 
sides for piston contact. The loop was bent out of 1/8" strap whish was 
backed up by wood. As shown in  the diagram below, Q projectile was 
soldered to a long thin section of the loop wh;qh forms the sabot. The 
6 cm long launch tube rails were separated from the  main loop and beveled 
on the inside. The magnetic field pressure pushed out the thin sabot sec- 
tion impacting i t  onto the beveled inside surface of the launch tube ond 
the projectile continued on between the roils so that the device operated 
somewhat as a punch press. 

a) Sabot - 0.5" x 1.25" x 0.040" thick. 

b) Projectiie - 2 gram steel half round, 
-. 
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i n  the diagram. 

Resu I t s  

The primary purpose o f  this shot was to obfain a particle impact on the 
target. Significant cratering was observed. The largest crater was 1/2" 
deep and 1/4" wide at the r im. Presence of iron on the aluminum targef 
was proved with a Thiocyanate test. 

8. Experiment 4.3-5 

Prupose 

a) Test regular modified rectangular loop with 6 cm long iaucch tube 
and round slug type sabot. 

b) Obtain particle impact on aluminum target. 

Description of Test Mode I 

The device was a 12 cm x 20 crn rectangular loop with slightly converg- 
ing sides. A short launch tube was used to insure that the projectile would 
exit the tube and would not be subjected to very large acceleration forces. 

a) Sabot - 0,187" diameter x 0.197" long copper slug, 

b) Proiectile - 0.094" diameter chrome alloy steel sphere, weight 
54 mg. 
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c )  Explosive - 425 grams Composition C-3,  

I nstrumentation 

Magnetic f ield strength and rate of change - three coils placed as shown 
i n  the diagram. 

Resu I ts  

A single particle impact was obtained on the target i n  this shot. The 
crater size was approximately six times the volume of the projectile, No 
velocity data was taken but i t  i s  believed that the velocity was fairly low. 
This i s  because the crater i s  not particularly large and also because the 
magnetic f ield multiplication was rather poor. 

The round type sabot which run i n  circular section grooves i n  the launch- 
ing rails worked very well * The grooves obviously give the sabot much 
better guidance than the square cross-section used previously 

9. Experiment 4.3-6 

Purpose 

a) Test simple strap loop system with external energy input coils. 

b) Obtain particle impact on aluminum target. 

Description of Test Model 

Same as i n  Experiment 4.3-4, except that external energy input coils 
were used instead of direct drive. The input energy was also much higher. 
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a) 

b) 

c) 

jabot - C.5" x 1.25" x 0,043" f'qick. 

Projectile - 2 gram steel half  round. 

Explosive - 200 grams Compor;it;on C-3,  

d) Input energy from external charging coils - 14,000 joules input. 

1 nstrumentation 

Magnetic f ield strength and rate of change - four coils placed a5 shown 
in the diagram. 

, 

Resu I t s  

Cratering of the target was obtained on this shot but was less than in 
Experiment 4.3-4. The magnetic f ield data indicated poor field multi- 
plication thus the velocity of the projectile was probably not, as great 
as in Experiment 4 .34 .  I t  should be noted that very massive projectiles 
were used in this shot and in Experiment 4.3-4 at the expense of velocity 
i n  order to keep down the acceleration. 

10. Experiment 4.3-7 

Purpose 

a) To test regular modified rectangular loop with 14 cm long edge 
set launching rai Is. 

b) Obtain particle impact. 

Description of Test Model 

This device was a 12 cm x 20 cm rectangular transducer loop with s!ightly 
converging sides for piston contact. The 15.2 cm long launch tube was 
o square seetion with 1/4 inch wide rails. The purpose of this was to test 
a launch tube which was much simpler to fabricate. 
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a) Sabot - 0.25" x 0.25" x 0.25" copper s lug .  

e) Explosive - 525 grams Composition C-3, 

d) !nput energy from external charging coils - 27,500 joules Input. 

a) Piston velocity - six pin switches placed as shown in  the diagram 
be low. 

b) Magnetic field strength and rate of change - three one turn pick-up 
loops placed as shown in  the diagram. 

Resu I t s  

There was no magnetic field multiplication on this shot. Only a very 
small amount of material, roughly in the shape of the sabot cross section, 
was observed on the target. 

1 1 .  Experiment 4.4-1 

Purpose 

r -  

Test converging loop system with s m a l l  sabot and projectile and long launch 
tube. 
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Description o f  Test Model 

The device was c :2 cm radius coriverging transducer ioop with 20 c m  
long launch tube. 

a) Sabot - 1.5 mm diameter x 1.5 mm long, slug-type. 

b) Projectile - 3/64" diameter chrome alloy, steel sphere, set ;/64'' 
into sabot 

c) Loop size and tamping - 1/2" thick lucite, lead strip backing on 
H . E. compartment. 

d) Explosive - 450 grams Composition C-3. 

e) Input - directly applied to loop 
Peak current 2.9 x 105 amperes 
Rise time - 15 microseconds 
Magnetic field energy - 12 kilojoules (approx.) 

Instrumen tation 

a) Magnetic field strength - 1 turn pick-up loop i n  sabot corner of 
transducer. 

b) Projectile acceleration -magnetic p i c k v p  coils placed as shown 
i n  the diagram below. 

c) Projectile velocity - 3 foi l  switches placed as shown. 
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r? 

a) The condenser bank triggerec' !a+€, tt-.;s tkc ~ c ~ r e * ; c  <reid sfpength 
rn the loop was low whes C P O W E - C ~  3 c c L r r e d r  
netic field measured was 50 kf logavss. 
meto! flow at the sabot end and there i s  eviderce of an arc running 
the ful l  length of the rails, This would be due to the condeqser 
discharge There i s  implication that the direct drive condenser 
discharge could have severely damaged the small sabot. 
confr !bct~ to Inrr of rnagnptir f ield multiplication. 

1 -  

t r ~  rqc m j r n  mag- 
She iauncAing rar ! <  show 

This would 

b) No signals observed fvom p i c k v p  coils on launch tube. 

12. Experiment 4.4-2 

Purpose 

a )  Magnetic field compression for comparison with Experiment 4.2-1 

b) Repeat of first attempt at this experiment which was damaged due to 
premature condenser bank discharge 

Description of Test Model 

The device was a 12 cm radius converging transducer loop without sabot 
or launch tube. 

a) Tamping and side pieces - 1/2" thick lucite, lead strip backing on 
H E. compartment. 

b) Explosive - 450 grams Composition C-3. 

c) Input - directly applied to loop 
5 Peak current - 3.1 x 10 amperes 

Rise time - 14 microseconds 
Magnetic field energy - 13 kilojoules (approx.) 

Instrumentation 

a) Magnetic field and rate of  change - two one turn pick-up coils 
placed as shown i n  the diagram. 
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Resu 1 t s  

a) Al l  functions occurred properly; however, the magnetic f ield WGS 

not trapped. 

b) Pin switch data was extremely erratic and hashy. These results 
seemed to confirm the belief that trapping the magnetic f ield has 
been a major problem in  the p a s t .  

c) Recovery fragments indicate poor piston contact during early part 
of compression. 

13. Experiment 4.4-3 

Pur pose 

a) Hydrodynamic experiment to check operation of the explosive sys- 
tem and piston compression. 

b) Device to be identical to that i n  4.4-2. 

Description of Test Model 

The device was a 12 cm radius converging transducer l t t p  withovt ?crunch 
tube or sabot. 
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a) Side pieces and tamping - 1/2" thick Iucite, lead strip backing 
on H e E o  ccmpar+ment  

b) Explosive - 450 grams Compos;i.ion C-2 ~ 

c) No electrical input 

1 nstru men tat ion 

A 1 1  * _  
HI I I rijti-imentatinn of this experi menb was by means of  pin switches. 
Twenty pins were placed as shown in the diagram. iv'\etsvred qnantities 
were: 
a) Detonator function time 

b) Line wave generator and explosive function tine 

c) Piston velocity and convergence uniformity 

Resu I t s  

a) Detonator function time was measured to be 8 microseconds, which 
was about as expected e 

b) Line lighter and explosive total function time was measured' to be 
49.5 microseconds at  the edges and 47.5 li; the center. This indi- 
cates Some non-uniformity of  the detonation front i n  the l ine wave 
generator. The times were slightly less than expected. 



h 

c )  The pin data indicates that the uniformity of piston convergence 
was very good wlth one end of the piston slightly leading the other. 
The data Yndicates an average piston velocity of approximat-ely 4 
miIIirneters p e r  microsecond. 
vious measurements e 

This i s  i n  sood qgreernent with pre- 

14. Experiment 4-4-4 

Purpose 

a) Magnetic f ield compression. 

b) Device to be the same as i n  4.4-2, except for modification to aid 
magnetic f ield trapping. 

Description of Test Mode I 

The device was a 12 cm radius converging transducer loop without sabot 
or launch tube. 

a) Side pieces and tamping - 1/2" thick lucite, each side piece 
laterally converged at a 1.50 angle towards the sabot corner o f  
the loop to prevent gas blow-by. 

b) Explosive - 450 grams Composition C-3. 

c) Input - directly applied to transducer loop 
Peak current - 3.1 x 105 amperes 

70 
Rise time - 14 microseconds 
Magnetic field energy - 13 kilojoules (approx.) 

Instrumentation 

a) Magnetic field strength and rate of  change - two one turn pick-up 
coils placed as shown i n  the diagram below. 

b) Piston motion - 6 pin switches placed as shown 

54 



Resu I t s  

a) As in Experiment 4,4-2 there was no magnetic field trapping. 

b) The pin switch data indicotes proper t ime of piston motion. 

c) The recovery fragments indicate very poor piston contact a t  the 
beginning of the piston run, The contact pattern was nearly 
identical to that i n  Experiment 4.4-2. 

15. Exwriment 4.4-5 

Purpose 

f- 

a) Pest converging transducer loop with small sabot and projectile, 

b) Use external energy input coils. 

c) Monitor condenser bank voltage before and during compression to 
determine i f  energy i s  pumped back to the bank via the external 
coi Is during piston compression 
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Description of Test Model 

The  &vice was a 72 cm radius converging transducer loop with 20 cm 
long laumh tube, 

a) Sabot - 1.5 mm diameter by 1.5 mm long, copper slug. 

b) Projectile - 3/64" diameter, chrome alloy, steel sphere set 1/64" 
into sabot. 

c) Side pieces and tamping - 1/2" thick lucite, lead strip backing 
on HOE, compartment. 

d) Explosive - 450 grams Composition C-3. 

e) lnput - external coils made from 4 strands of  solid #12 insulated 
electrical wire, 3.5 turns per coil. 
Coil inductance - 4 micro Henry's (total) 
Rise time - 39 microseconds 
Peak current - 1.12 x 10 amperes 
Magnetic field energy - 25 kilojoules 

(\I 
5 

Instrumentation 

a) Magnetic f ield and rate of  change - one pick-up coi l  placed as 
shown i n  the diagram below. 

b) Projectile exit time - one pick-up loop placed at end of  launch 
tube as shown. 

c) Condenser bank voltage as a function of time - voltage divider 
and osci I loscope directly across condenser bank. 
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Resw I ts 

a) Magnetic field - the oscilloscope FPCCP: i d c o t e  that there was no 
init ial  magnetic field preseot, althougn It appears that the condenser 
Sank functioned properly 

b) No slgnal was observed from the sabot exit pick-up coil 

e) The condenser bank voltage trace indicates normal operation during 
the rise to peak current, and f a l l a f f  of the voltage in  -. a normal fash- 
ion after the time the loop was supposed to crowbar. Ihe  trace shows 
murly spurious pulses, however, which could possibly be aftri buted 
to arcl.ag and possible shorting of  coi l  turns or of the i rpu t  lead5 to 
+he coil, 
one would expect complete loop closure, there ' s  a stro-9 p ~ i s e  O F  
hash and a sudden rising of the voltage. 

" ,- -8 "I At 54 microseconds, which i s  very cicse to tk? "--,'- 

I t  i s  diff icult to explain the hump in the voltage on the basis of 
magnetic field, since no magnetic f ield was seen by the p i c k v p  
coils (although a considerable amount of hash was detected by these 
coils). One possibility i s  that the hash during the early part of 
the voltage trace i s  due to shorting of  coi l  leads and turns and that 
the hump in  voltage was caused by the explosive driving the cca:ls 
apart. I f  the main input leads of the coil had been shorter or the 
coi l  was otherwise eliminated from the condenser bank circuit, the 
rise time of the hump should have been around 10 microseconds, 
which i s  about half that indicated. 

17. Experiment 4.5-1 

Purpose 

Investigate hydrodynamic convergence o f  the piston. Test for instabilities. 

Description of Test Model 

Piston radius - 8.5 cm 
Piston thickness - 1.12 mm 
Loop depth - 1.41 cm 
Side plate thickness - 2  cm 

H. E. radius - 13,5 cm 
H. E. type - Composition C-3 
H. E. weight - 156 grams 
Lead backing - 1/4" thick 
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Explosive detcnatio? fro3t linearity - 6  pin switches spaced 0.5 
the pistop., in the explosive. 
arrarged as i n  Figure A-I, 

rn from 
Piston convergence - 36 pin switches i :  

rhree cut-off pips i n  pin dome, 

Figure A-1 shows the interior of the test model 
can be clearly seen. The nest of signal wires and the methane gas tubes 
are at  the fop center of thephotograph. The high explosive i s  at the bottom 
hn!f Details o f  the piston joint are visible to the left .  Figure A-2 shows 
the device instal led in the containment tank and ready for the experiment e 

The tviple line wave generator aroaqgement can be seen i n  the photograph, 

The pin dome apd pins 

Resu I t s  

FigureA-3 i s  an isochron diagram of the piston i n  this experiment e It 
shows the piston shape and location at various time intervals as interpreted 
from the pin data. Although the convergence was good, the ends lagged 
somewhat at  the slide lanes. This caused an acceleration of  the sections 
o f  the piston about 10'- 15O from each slide plane. 

18. Experiment 4.6-1 

Magnetic Compression Test 

A 
Figure A-4 e The test gave a magnetic field of 300 kilogauss, with a 
compression ratio of  approximately 10. Although this was less than expected, 
i t  i s  more than sufficient for coupling to current model launch tubes, With 
this design the current amplificaiion i s  approximately equivalent to the com- 
pression ratio e 

2 scale down magnetic compression device was designed as shown i n  

One o f  the maior difficulties i s  that the device gives a relatively short 
pulse. The total length of the piston travel i s  3.3 inches, The typical 
piston velocities are 3 mm/micmsecond. Thus, the pulse length at most 
can be 27 microseconds. In addition, the pulse shape i s  given by 

lo (Li/L2) exp ( - R/Lt) - - I 
lo = init ial current 
L1 = init ial inductance 

R 
- inductance at time t L2 - 

circuit resistance - - 

The shape of  the curve i s  exponential so that the greatest cument anpl i-  
fication Occurs in the last few microseconds, 
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Figure ~ - 1  Interior of Experiment 4.5-1 Test Model 

‘c, * 

Figure A-2 
Experiment 4.5-1 Test Model in 
Containment Tank 
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ISOCHRON DIAGRAM OF PISTON - 

F!GURE A-3 
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19. Experimevt 4,6-2 

A secosld generator was designed to achieve a ionger pulse lepgth (sce 
Figure A-5). This was done by extending the distance which tne pisfor 
travels to 11.6 inches. Assuming the piston travels 3 mm/microsecond, 
the pulse length should be about 100 microseconds. The ratio of in i i ia i  
to the expected final inductance i s  not as large as i n  the previous guns- 
Thus a lower current amplification would be expected. However, for 
the type of launch tubes being studied at present i t  should be more than 
sufficient 

The long pulse length generator was tested but no magnetic f ield was 
measured i n  the gun. Apparently an arc between the piston and the 
notched copper bar (detail A, Figure A-5) occurred during the in i t ia l  
magnetic field bui Idup. 
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APPENDIX B 

CONTAiNMENT' TANK 

Experimental operations or, the hypewelocity gun are greatly facilitated by the obi i : ty +O 

f ire the high explosive right in the laboratory. 
built similar to those currently in use for HE blast containment. 

To permit this, a containment tank was 

1, Desigv Discussion 

design i s  based on criteria established at the Lawrence Radiation Laboratory, Livermore, 
Califorpia, for con+oivrnent spheres. 
on a 1/4" thick steel tank wall from the detonation of PBX explosive, the minimum inside 
radius of the sphere should be R =  K/ 0.767 , where R = the radius in feet, W = the 
number of pounds of explosives. Thus for 1.32 pounds (600 grams) of  explosive, R = 1.5 feet. 

This criteria states that for 20,000 psi tensile stress 

To reduce cost, a cylindrical, instead of spherical, tank was designed. 
show side and end views. It i s  3 feet i n  diameter; the volume was increased by making the 
length 5 feet, The purpose of this i s  to reduce the pressure on the flat end door. Since the 
sources of the design criteria are empirical, i t  was deemed advisable to make the tank wall 
3/4 inch thick instead of 1/4 inch thick. The domed end i s  1 inch thick spun steel, and 
the door 2 inches thick. 

Figures B-1 and B-2 

To facil i tate portability, the tank i s  mounted on skids. Attached to one skid i s  a centrifugal 
blower for purging the noxious gases which result from the detonations. The gate valve is 
opened and the blower turned on immediately after a shot, and the fumes forced out through 
a long pipe. Various ports are provided for transmission line entry and instrumentation, 
while the 1 foot diameter port on the end door i s  for access. 

Inside the tank, the transducer loop i s  installed horizontally, and the launch tube i s  coupled 
to a heavy barrel through which the projectile egresses. 

Provision has been made for evacuation of the barrel a 

1 foot thick styrofoam blocks to reduce shrapnel damage to the inside of the tank. Also, the 
tank has a 1/4 inch thick steel liner which can be replaced when the damage becomes 
excessive 

The loop assembly i s  surrounded by 

2. Fa b r i cat ion 

All major seams of the tank were radiographed. These were the welds of  the main cover 
flange, the longitudinal tank seam, the circumferential seam of the dished head, transducer 
loop pori and gun bai,-eI port ;earns. 
were opened and rewelded, m d  the repaired areas were again radiographed. The circum - 
ferential seam of the dished heads showed a slag deposit and what appeared as cracks due to 

The resu!ts showed severnl imperfect weld areas. These 
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Containment Tank 

Figure 8-2 
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It was originul!y intended +O pressur" te5t the fclrrk wi th  explosyves at the plant bui ld i rg 
behind a concrete barrier walI. 
test the tank for integrity. All ports were closed off with blind flanges, and the only outlet 
wos the 3 inch purge pipe extending 20 feet above the tank, 
carefully as to proper tOrqWiRg of heod and Po-t bolts, 
explosive was done through the transducer loop pot' for these ex?e-;mt;.rts, 

used were X-98 arc fisivg type.. 
wi th later measurements. 
explosive charges of increasing weight were fired in the follow;-g order: 

As a pxecau+Ienury measure, i t  wus decided to f i r s t  f ield 

The tank was checked over 
Loading of the composition " C "  

The detonat?r: 
Previous dimensional checks were recorded for comparison 

The funk foofirg wos marked to c h e c k  for wovement. Six 

Shot No - 

4. Test Resu I ts  

H I  E Weight 

28 grurns 
75 sturns 

150 gl-urns 
300 g'ams 
450 grams 
600 grams 

No tank movement was observed or measured on any of the shots, 
was fairly low and, in fuct, the rush of gases up the purge l ine at the t ime of the explosiop 
was louder than the nois2 from the explosion itself,  
tank a 225 gram charge was detonated on the open grouPd the sume distance away from the 
personnel as the tank had been,, The noise from this open explosion can be only described US 

orden of magnitude louder than the shots fired in the tank that were of two to three times the 
amount of explosive. 
tank in  a building. 

The noise level, in general, 

For comparison, after the shots in the 

We, therefoce, anticipate no problems w i t h  the roise level using the 
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1 I '  

3/4" 10 N C  
5/811 1 1  NC 
1/2" 13 NC 

TorqLle Value 

320 foot pounds 
160 foot pounds 
100 foot pounds 
46 foot pou nds 

Data on head deformation, tank movement, and bolt loosening follows. 

Head Deformation 
Shot No,  D efo rma t ion 

Tank Movement 
Shot No Movement 

1 - 6  0 inches 1 - 6  0 inches 

Main Head Bolts 
(1"  - 8 NC) 

Torque Reading 
Shot No I After Firing 

1 0 
2 300 
3 320 
4 320 
5 200 (top) 

6 100 (top) 
250 (bottom) 

125 (bottom) 

Gun Barrel Port 
(3/4" - 10 NC) 

Torque Reading 
Shot No After Fir ing 

1 160 
2 160 
3 160 
4 140 
5 120 
6 60 (top) 

100 (bottom) 

f- 

The bolts on the camera port and the three inch port to the tank were not affected. The 
2 inch thick flat end door, which was our maior concern, held up very well, S o m e  bolt 
elongation was expected and was observed. After this, however, grade five steel heat 
treated b o l t s  were used, The testing was carried out in a safe and orderly fashion. Color 
movies were made of  the tests. 
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c. 5 I Conditior of Hypewelocity Tank After Testing 

~ 1 - e  + ~ g i (  was aggyn radiographed" 

<et of f i lms t.&crl r'gh! after manufacture were checked, and i t  was evydepf cm close 
examination that these slight imperfections were present before t h e  tesr f i r ins 
were confirmed by +he radiographing company. 
next two firings, and no dif f icuity was found. 
radiograph because of a different f i l m  exposure density, 

Two areas about ?t/4'' to I \erg at +he +OF pc-t c f  the 
bolting flange were found which couid possibiy be cracGed ir7 the weld atea Ti-t- f I i s +  

These findin7qs 
These areas were radiographed again after the . .  

The cracks ciie L iSrb!c c:: the s e c ~ n d  

Measurements o f  the inside diameter of the tank were made before and after testing. 
measurements were taken in three places on the vertical center l ine and three places on the 
hcrizontal centerline. 
flangeA 

The 

i he first set of measurements was taken 11 inches in from the tai7k I 

The second at 30 inches and the third set at 48 inches. These are tabulated 3 s  follo~as: 

Vertical Measurements Before Firing After Firing 

Distance 1 1 " 
Distance 30" 
Distance 48" 

34.340 inches 34.444 inches 
34.452 inches 34.454 inches 
34.447 inches 34.449 inches 

Horizon ta I Meosu rernents Before Fi ring After Firing 

Distance 1 1 'I 
Distance 30" 
Distance 48" 

34.433 inches 34,433 irches 
34.435 inches 34.437 inches 
34.443 inches 34.445 inches 

The only appreciable amount of increase was in the vertical measurement at 11 inches, an 
increase of 0.104 inches. 
relocation of the purge outlet during fabrication. The explosions would have a tendency to 
round off this portion, therefore, the increase i s  understandable. 

This point on the tank was dished in slightly due to repairs after 
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APPENDIX C 

CONDFNSER BANK AND 1NSTRC;MENTATlON 

'I, Condevser Bank 

pl 

f" 
I 

Figure C- i  sclows the geveral appearance of the condenser bank which provides the current 
for the init ial magnetic f ie id  in the transducer ioop. The baqk cai;si;ts of tws C Z ~ + S  holding 
5 condensers each, 
which ;s c? energy storage of 30 kiloioules. A parallel plate transmission l ine connects the 
condensers in parallel, while ten RG-8/u coaxial cables in parallel transmit the power from 
t h e  Sank to the loud, Switching i s  by triggered spark gap. 

The total capacitance i s  142 microfaradz, at  20 kilovolts maximum, 

2. Timing and Firing System 

Also shown in  Figure C-1 i s  the electronics rack. At the top i s  an Abtronics Model 100 pulse 
and time delay generator which initiates and times the sequence of events. One delay 
channel i s  used for establishing the proper time relationship between firing of the detonator 
and switchipg of the condenser bank, while the other three channels are available for timing 
instrumentation devices- The second chassis contains the power supply and control system for 
f ir ing the detonator, 
panel circuit diagram. 
shown in  Figure C-3.  
blank panel at the bottom of the rack cabinet. 
charging time for the condenser bank w i l l  be about 30 seconds. 
shown i n  Figure C-5, 

Sf can furnish 25 joules at 5 kilovolts. 

The charging power supply for the condenser bank i s  located beh'nd 9 

Figure C-2 i s  the detona%r 
The third panel i s  the condenser bank control system. I t s  circ,ult i s  

I t s  circuit i s  shown in Figure C-4. The 
The circuit of the bank i s  

Al l  the electronics are interconnected so as to operate as a system. This i s  particularly 
important for safety, Various automatic interlocks and high voltage crowbars are provided. 
A main circuit breaker, located below the condenser bank control panel, feeds power to the 
entire system and a key switch prevents unauthorized operation. Another key switch prevents 
operation of the detonator system. The key for this switch was carried by the ordnance man 
when assembling and arming the high explosive charge. 

In the early experiments the timing and firing system consisted only of a four channel time 
delay generator which also had a zero time pulse output. This time delay generator was to 
be actuated by a button on its front panel which would be the firing key. 
the timing relationship of the condenser bank to the detonator panel and also triggered 
instrumentation devices. 
performed during a firing. These can be done by manually operated switches but require that 
the operator be rather close to the explosion containment tank during the firing. A!=, the 
niimbe: of opzr=tions w w l d  be such that several persons would be needed. It was decided, 
therefore, that a motor-driven cam type sequence timer should be incorporated. 

It controlled only 

There are, however, a number of other functions which must be 
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The f ron* panel of tbc + ‘ ~ c i  contoins the lights and switches necessary to i t s  eperation. 

to zero and :her8 ‘ 0  + 2 secoricis; L ! i ~  “mes beitla ;ndicat& by Iiqhts on the panel.  
are provided cor off, operate, and test of  each of the separate fuvctiom. 
as foilows: 

It 
P-4 be stavted l o c ~ j ’ y  or r e r c t c l y .  When started i t  begins at T-5 seconds and C O J ~ ~ S  down 

Switches 
The seq!:evce i s  

T - 5 seconds Charging warning bel I stops, inter!ock chain energized. 

T - A seconds Vacuum head gate valve closed. 

T - 3 seconds Instrumentation camera shutters open. 

T - 2 seconds Detonator and condenser bank trigger systems arm. 

T - 1 second One second to fire. 

T = 0 seconds Fire, interlock chain opens dropping crowbars. 

T + 2 seconds Purging blower head gate valve opens and blower starts. 
Camera shutters close, system disarms and the vacuum head 
gate valve stays closed. 

At T = 0 the firing function i s  an activation of the electronic pulse generator. At this 
signal the electronic timing generator takes over from the electromechanical timer. 
zero time pulse from the timing generator triggers the condenser bank and the first delayed 
pulse output triggers the detonator panel. The other three delayed channels operate 
oscilloscopes and other instruments as required. At the end of the operation, the interlock 
chain i s  opened which automatically drops a l l  high voltage crowbars and disarms the entire 
system. When the sequence timer stops at + 2 seconds, the blower i s  left wining and +e 
vacuum head gate valve i s  s t i l l  closed. These functions can then be left in that posit;oq 
unti l  it i s  safe to change them which can be done manually from the control panel. 

* 
The 

After the timer stops, i t  i s  necessary to manually reset it, since i t  does not go one ful l  
revolution. Phis i s  to allow for the functions that must remain operating after a firing 
sequence. 
The major indicator lights are of sufficient size to be viewed from a distance, and the system 
can be operated remotely and safely. All functions are automatic, thus eliminating human 
error during a firing. 

Lights on the front panel indicate when i t  needs to be reset and when it is reset. 
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APPENDIX D 

D liAG NOST! CS 

n 

A number of diagnostic techniques were used to gain an understandiva sf the p+ensrrcrron 
occurring duripg the experiments. These are discussed below 

1 .  Pisfon Convetqenee and Velocity Measurements 

Piston convergence and velocity measurements were made using "pin" techniques, A pin i s  
a device consisting of two conductors which, when struck by the piston or the sabot and 
croiectile assembly, completes an electrical circuit e 

cn.0' t5e electrical signal i s  recorded on an osc~lloscope. If a large number O F  pins must be 
used to obtain a measurement, then a raster oscilloscope i s  necessary. In measuring piston 
convergences and velocity, typically six pins are used. They are placed in  pairs at different 
radii und different angles within the loop assembly and are inserted through the lead epoxy 
loop sides. Figure D-1 shows this arrangement a The velocity at each of the radii i s  measured 
by the time of flight between the two pins comprising the pair at that radii and the convergence 
uniformity i s  determined by the uniformity of time of  arrival at each of the pin pairs as related 
to the velocity sho*r, by each pair. 

This then discharges a smal I condenser 

Magnetic Field Measurements for the Generator n 
L ,  

The Magnetic f ield measurements are made by inserting a small search coil at the converglng 
G F ~ X  of the loop; that i s ,  right behind the sabot, As the magnetic f ield rises in the system, 
the coil develops an output voltage which can be fed directly into the oscilloscope. This 
then i s  a measurement of the rate of  change of  magnetic f ield strength as given by the 
relation 

V = BNA 

where 

B - - Time rate of change of  magnetic f ield 

Voltage output o f  the coil - V - 

N - - Number of turns of the coil 

A - - Area of the coil perpendicular to the magnetic lines of flux 
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74;s p r ~ r ~ ; c u I o ~  fype of measurement i s  useful in that i t  i s  sevsitive to any irregularities or 
suddep chonges that may occur during the compression of the loop. 
s;des of the equation, the magnetic fieid can be measutd d i r ~ c t ' )  g s  c f i - n r t i o n  of  time. 
it i s  PO+ necessary to do this mathematically frov the B rvecsutcnw7-. i t  : sn  52 done 
electronicaiiy by incorporating an RC integrator circuit betweer the C O ; ~  c d  anofher 
oscilloscope. 

I f  one integrates b o t h  

In this case the following expression applies. 

where 

Vo I tage measu red by osc i I loscope - - VS 

RC - - Integration time constant 

3. Ballistic Pendulum 

The ballistic pendulum i s  a simple method of  measuring velocities. However, i t  i s  subject 
to a number of inaccuracies. Observer errors and the influence of the moving plasma can 
make appreciable discrepancies i n  the readings. For these reasons, the ballistic pendulum 
was not rel ied upon for accurate results. 

4. Photomultipl ier-Velocity Screens 

A velocity screen device was built to obtain accurate velocity measurements. 
0.3 mil aluminum screens on each side of a light-tight, 2 inch thick box. 
separated with a photomultiplier "looking" into each box. 
0.3 mil  aluminum foils, light enters the box. The time between light pulses on the two 
phototubes is displayed on a scope. Using that time, the average velocity between the 
boxes can be calculated. This device is  shown in Figure D-2. 
velocities which are accurate to 

It uses twin 
Two boxes are 

As the projectile penetrates the 

It i s  estimated that i t  gives 
2%. 

5. Crater Size 

The above transit-time measurements are a direct way of determining the projectile velocity. 
However, failure of one of  the many components i n  the measuring system occurs occasionally. 
As insurance against this and as an additional measure of accuracy, we measured the dimen- 
sions of the crater formed by each projectile in the lead brick target. 
verified theory gives the dependence of crater depth to velocity as 

Experimentally 

2/3 depth 0~ (velocity) 
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VELOCITY MEASUREMENT TECH NlQUES 

FIGURE D-2 
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A log-log plot of our crater depth versus velocity data shows roughly a lG?h scatter from a 
straight 1;ve of slcpe 2/3 between, say, 1 und 3 km/sec, but appears to increase in slope 
a b v e  3 C.,rn/jec, (See Figure 0-3) 

6. Flux LOOD Mecsurements 

Signals from flux loops mounted as in Figure D-4 look l ike the lower four frames of 
Figure D-5 and are proportional to the rate of change of magnetic field due to the passage 
of the arc under the coils, 
j:iii<Fdi= cf the arc. 
the outputs of  many flux loops at close intervals along the path of the arc. 
we have only seven scope traces, and two or three of these must be used for other 
instrumentation, we cannot do this. 
time profile changes continuously and only gradually over say two centimeters, i t  i s  
redundant to do this. So, one or two of the remaining traces are used to record a sequence 
of pulses (see top of Figure D-5) from the circuit (see Figure D-6) which represents the 
passage under successive flux loops of one detail of the flux profile. This gives about a 
dozen position-venus-time data and two or three complete flux profiles. 
description of  the elementary circuits in the complex of Figure D-6. 

Flux as a function ot time i s  important since this indicates the 
I d ~ ~ l l y ;  therefore, one should monitor on separate oscilloscope trcces 

However, since 

But, since the arc i s  stable enough that the flux-,versus- 

Figure D-7 i s  a 
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Pcoetration Verrur RojectiIe Velocity ob h e  Target 

Figure D-3 
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APPENDIX E 

THEORY OF THE AFTER-SECTION 

The device considered here i s  a 5arrel (an aftersection) attached to the t w z z / e  of the rail gun. 
ine projectile i s  loaded either into the rail gun or into the aftersection, and then the rai l  gun i s  
fired i n  the usual way. 

- 1  

Limitations on the velocity that may be given to the projectile in a single aftersection arise in 
the following way: The force, F, on a projectile moving with velocity, v, through the arc 
stream of velocity,vM,and density f i / L c  i s  

where CD i s  the drag coefficient, (approximately 0.9 for a sphere at Mach 7) and A the cross 
sectional area of the projectile. Therefore, for va a constant, and v = 0 at x = 0, 

where x i s  the position of the projectile and 

the plasma column o f  the same cross section and mass as the projectile. So, v becomes 
approximately equal to vAnt in a distance of about ./ . 

,@ = 2m,,4,, <,A’cl: , i. e., twice the length of -- 
A .f-- 

CD/?- - 

However, vds i s  not constant, 
friction with the barrel. 

the barrel and Cf i s  the coefficient of skin friction (probably about 0.001 under our experimental 
conditions). 
.< --u (1/2)R, but, i order to maximize the transfer of momentum, i t  should be &,/ . Therefore, 
we should have 2% L 5 (1/2)R. In terms of the definitions of  [ and R, 

Rather, i t  decreases exponentially with distance due to skin 
The e-fold length i s  R = D m  , where D- i s  the diameter o f  -- 

Cf 

In order to minimize this effect, the length, L, of the aftersection should be, say, 

Thus, for a given projectile, a lower l im i t  i s  set on D d m .  
of the plasma column produced during one shot must be 2 
comparable to vo. This restriction comes in as follows: 

However, the total length, b, 
i n  order to achieve a velocity 
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where p, the total momentum produced, i s  given by 

F dt d/r2 dt = total energy - p - 
--- I 
resistance 

and is, therefore, fixed for a given energy source. This puts the following upper l i m i t  on 

D. ’ flp- 

tnequalities ( 1 )  and (2) together give 

For a crude sample calculation we take: 

P = 2000 mg krn/sec 

Then, inequality (3) gives 

of magnitude, and of  /& 
how the experimental parameters 
In.quc!Ity (1). 

, which i s  even 
ead to an optima 

This fortunate result comes from a good choice of p and v&, which are known only to an order 
ess well known. But i t  does show, at least, 
value for D4,.+,+ . . L follows from 
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P- 
T'7e !necflciency of this method becomes obvious in light of  the fact that the f r x t i o n  of arc 
rnopei tvm converted to proiectile momentum i s  roughly (DA, 
preiec'i'e to 50 cross sec+;onal areas. 
of the momentdm produced by the gun goes into the projecti'e. 

/D )*, the ratio of 
For the case cd[cilated, t5ercf2-e, gnfy  about 496 
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